A multiplex polymerase chain reaction (PCR) system was developed for identification of enterotoxigenic Escherichia coli (ETEC) strains and to differentiate them from other gram negative enteric bacteria. This test simultaneously amplifies heat-labile (LTI) and heat-stable (STI and STII) toxin sequences and the E. coli-specific universal stress protein (uspA). The specificity of the method was validated by single PCR tests performed with the reference E. coli and non-E. coli strains and with bacteria isolated from pig feces. The multiplex PCR allowed the rapid and specific identification of enterotoxin-positive E. coli and may be used as a method for direct determination of ETEC and to differentiate them from other E. coli and gram-negative enteric isolates.
Enterotoxigenic Escherichia coli strains (ETEC) are some of the most commonly isolated bacteria responsible for diarrhea in humans and animals. 3, 6 These isolates may carry the genetic information for production of heat labile (LT) and/or heat-stable (ST) enterotoxins. 14 Several subtypes of LT and ST toxins have been described, and the most common are LTI, LTII, STI, and STII. 14 LTI, STI, and STII have been found in both human and porcine ETEC, but LTII-producing E. coli are rarely implicated as an intestinal pathogen both for human and animals. 1 Most of E. coli strains are harmless commensals in the gut, but ETEC can ability to cause profuse, watery diarrhea by release of LT or ST or both enterotoxins. 6 Differentiation between ETEC and other pathogenic and nonpathogenic E. coli and other enteric isolates requires detection of enterotoxins or their genes. Conventional diagnosis of E. coli infection depends on growth of bacteria and subsequent biochemical identification. Moreover, differentiation of enterotoxin-producing isolates requires additional toxin marker detection procedures, e.g., polymerase chain reaction (PCR). Recently, PCR for the specific differentiation of E. coli from other gram-negative bacteria, with primers derived from the nucleotide sequences flanking the gene encoding the universal stress protein A (uspA), 7 has been described. 2 This PCR generates the 884-bp E. coli-specific product and allows a rapid and specific diagnosis of E. coli infection.
PCR using 2 or more primer pairs to amplify 2 or more target sequences, called multiplex PCR, has been applied for detection and differentiation of LTI, STI 4 or LTI, STII, and shiga toxin genes. 15 However, these multiplex PCR systems do not allow the detection of all enterotoxins important in pathogenesis of ETEC diarrhea. Although significant advancement has been made in the molecular identification of ETEC, there is still a need to improve the existing PCR assays for detection of these organisms and for specific differentiation of them from nontoxigenic E. coli strains. This improvement would simplify the detection process and eliminate the requirement for other confirmation procedures. In this study, a multiplex PCR protocol was developed using primer sets that directly detect genes that are characteristic for E. coli and that identify all 3 important enterotoxin markers. The test allows the specific identification of ETEC, differentiating them from non-ETEC and other gram-negative bacteria, without any DNA purification.
Materials and methods
Bacterial strains. A panel of reference E. coli strains was used as controls for the multiplex PCR system. These strains were 286C2 (LTI positive), a 64111 (STI positive), a H10407 (LTI/STI positive), a 214/O82 (STII positive), b 293 (LTI/STI/ STII positive), b C600 (K-12, enterotoxin negative), b 491 (LTI/STII positive), c and 1153 (STI/STII positive). c The strains were validated as toxin positive and toxin negative using an enzyme-linked immunosorbent assay ELISA with monoclonal antibodies and a DNA hybridization method as described previously. 8, 11 Non-E. coli, gram-negative bacteria were also tested: Campylobacter jejuni (3 strains), c Citrobacter freundii (2 strains), c Enterobacter cloacae (2 strains), c Klebsiella oxytoca (1 strain), c Pasteurella multocida A:1 (2 strains), c P. multocida B:2 (2 strains), c Proteus mirabilis (2 strains), c P. vulgaris ATTC 6380, d Salmonella Agona (3 strains), c Salmonella Enteritidis (2 strains), c and Salmonella Typhimurium (2 strains). c Eighty-two bacterial colonies were directly isolated from pigs with postweaning diarrhea as described previously. 9 The isolates were identified as E. coli using the API 20E system. e PCR primers. The PCR primers were chosen for each of * T m ϭ melting temperature of the nucleotides, calculated according to a method previously described. 12 the enterotoxins (LTI, STI, STII) from published sequences ( Table 1 ). The Ec1 and Ec2 primers, specific for the uspA gene of E. coli, were described previously. 2 The primers were selected to have similar melting temperatures and resulted in products of different sizes that could be easily distinguished in agarose gels. PCR. Each test was performed in a volume of 50 l containing the following PCR components: dNTP (200 mol/ liter of each), PCR buffer, MgCl 2 (final concentration 5 mmol/liter), various concentrations of each primer set, 2 U of Taq DNA polymerase, f and 5 l of DNA template (50 ng). A whole-cell preparation of bacterial strains was tested as crude DNA templates and was prepared by resuspending 1 bacterial colony in 25 l of sterile DNase-free, RNase-free deionized water. g Before being added to the PCR mixture, this suspension was heated in a water bath at 100 C for 5 min. For control purposes, DNA was also isolated and purified from the reference E. coli and non-E. coli bacteria using a genomic DNA isolation kit. h For the PCR amplifications, a total 50 ng of the isolated DNAs (as determined spectrophotometrically) was used. PCR amplifications were performed in a thermal cycle i under the following conditions: an initial DNA denaturation step at 94 C for 5 min followed by 30 cycles beginning with 1 min of denaturation at 94 C, 1 min of primer annealing at 55 C, and 2 min of extension at 72 C. The final extension step was performed at 72 C for 5 min. The amplified PCR products (10-l aliquots) were analyzed by electrophoresis in 2% agarose gels (type I, low EEO h ) in Tris acetate (TAE) buffer at 100 V. The gels were stained with ethidium bromide and photographed under ultraviolet light using a commercial documentation system. j Detection of enterotoxin genes using PCR. For control purposes, LTI, STI, and STII enterotoxin genes of all E. coli reference strains were tested by separate PCR tests as described previously. 10 Analysis of porcine fecal samples. Fecal samples were collected with sterile cotton swabs from diarrheic pigs suspected to be infected with ETEC. The samples were directly streaked on Luriq-Bertani (LB) agar, and the plates were incubated at 37 C for 18 hr. Four or 5 colonies were then randomly picked up from each plate and resuspended in 25 l of sterile water. After centrifugation (13,000 ϫ g, 1 min), the supernatant was heated at 100 C for 5 min and used as DNA template for the multiplex PCR.
Results
Optimization of PCR conditions. To standarize the conditions for the multiplex PCR test, the concentration of each of the 4 primer pairs, the optimal annealing temperature, and Mg ϩ2 concentration were determined using the isolated bacterial DNA (50 ng) of the reference E. coli strains as templates. Initially, the same concentration (100 nmol/liter) of each set of primers was used, but this approach resulted in uneven intensities or even lack of some of the amplified products. To overcome this problem, the concentration of each primer pair was adjusted without changing the optimal annealing temperature (55 C) and the concentration of Mg ϩ2 (5 mmol/liter). The best concentrations of each primer set that yielded 4 distinct PCR bands were 50 nmol/liter for Ec1/Ec2, 100 nmol/liter for STA1/STA2, and 200 nmol/liter for LT3/LT4 and STIIB1/STIIB2. All of the PCR primer pairs were prepared as 10 mmol/liter solutions, which were frozen at Ϫ20 C in 20-l aliquots. This storage method prevented repeating thawing and freezing of the reagents, which could have an influence on the PCR results. Using the optimized amplification conditions, PCR with the purified DNA templates consistently generated 4 distinct products of expected sizes as determined by agarose gel electrophoresis (Fig. 1) . The standarized conditions were used in all subsequent PCR experiments.
The multiplex PCR test was then simplified by using DNA templates prepared by directly suspending bacterial colonies in water and heating them at 100 C for 5 min instead of those prepared by the time-consuming DNA extraction procedure. To demonstrate the specificity of the PCR performed with the whole-cell bacterial lysate, the amplifications were run in parallel with the purified DNAs and with the crude DNA templates. No differences in the specificity of the tests were observed, resulting in the amplification of the identical, expected PCR products (data not shown).
Specificity of the multiplex PCR. The specificity of this multiplex PCR system was tested with the E. coli reference strains. Enterotoxin-positive E. coli isolates produced the specific 884-bp band of the uspA gene and the respective 480-bp (LT), 166-bp (STI), or 278bp (STII) amplicons of the enterotoxin genes, respectively ( Fig. 1, lanes 1-7, respectively) . As shown in Fig. 1 , any combination of the 4 E. coli genes tested could be clearly detected in the ethidium bromidestained agarose gels. The E. coli enterotoxin-negative strain C600 generated only 1 884-bp amplification product of the uspA gene (Fig. 1, lane 8) . Under the same PCR conditions described, none of the reference strains other than E. coli generated the PCR products tested (Fig. 1, lane 9) .
Identification of enterotoxin-positive E. coli from porcine feces. Detection and identification of enterotoxin-positive and non-enterotoxigenic E. coli isolates were performed from LB cultures of porcine fecal samples obtained from pigs with postweaning diarrhea. Eighty-two bacterial colonies, randomly selected from 28 agar plates, were tested in the multiplex PCR assay and analyzed with the API 20E biochemical system. Of these 82 isolates, 76 were positive with the Ec1 and Ec2 primers, identifying them as E. coli. The remaining 6 colonies tested did not show the 884-bp band; therefore, none of them were classified as E. coli. These isolates were identified as Citrobacter freundii, Campylobacter jejuni, Proteus vulgaris, and Salmonella Enteritidis, as tested by the API 20E system. There was a 100% correlation between the results of the PCR analysis and E. coli biochemical profiles as shown by the API 20E test. Among the 76 E. coli isolates tested, 44 possessed at least 1 enterotoxin gene, identifying these isolates as ETEC. The toxin profiles of the enterotoxin-positive isolates are depicted in Table 2 . There was a 100% correlation between the results obtained with the multiplex PCR assay and those obtained with PCR analyses separately performed with single primer pairs specific for LTI, STI, and STII enterotoxin genes.
Discussion
The multiplex PCR system described here is an efficient tool for detection of enterotoxin genes of ETEC strains. Moreover, this assay allows simultaneous identification of pathogenic (enterotoxin positive) E. coli and differentiation of them from commensal (nontoxic) isolates. The use of 4 sets of primers in a single PCR mixture allowed for successful amplification of LTI, STI, or STII enterotoxin sequences and of the uspA gene of the universal stress protein of E. coli reference strains. The method was then successfully applied to screen isolates of pig origin for enterotoxin and uspA genetic markers. The unique combination of multiple primer sets, which allows detection of 3 important enterotoxin variants responsible for porcine diarrhea and simultaneously differentiation of E. coli from non-E. coli background microflora, greatly improved the detection efficiency and specificity and eliminated the need for subsequent confirmation procedures. PCR analysis of all reference E. coli strains and pig-isolated bacteria yielded results consistent with the PCR analyses performed separately with single primer pairs specific for all 3 enterotoxin genes analyzed. 10 These results demonstrate the high discriminatory power of the multiplex PCR assay and the potential of the test for rapid and specific identification and toxin profiling of E. coli strains responsible for porcine diarrhea.
One of the most important advantages of the multiplex PCR described here is the specific detection of ETEC without any biochemical identification and subculturing of the isolates. The universal stress protein is a highly conserved molecule present in all E. coli bacteria. 7 The primers specific for the uspA gene that were used in this multiplex PCR system were based on the sequences flanking the uspA gene. 2 By using several non-E. coli reference strains, 2 the system was found to be highly specific for E. coli. Thus, the multiplex system will be useful in diagnostic procedures for rapid and specific identification and toxin profiling of enteric bacteria isolated from pigs with diarrhea. Furthermore, this multiplex PCR system may be useful in detecting any of the enterotoxin genes of interest in E. coli from other host species. The ability to analyze bacterial isolates without biochemical identification should facilitate diagnosis and treatment of diarrheal disease due to ETEC and other pathogenic groups of E. coli.
